In wireless sensor networks (WSNs), limited-capacity batteries are generally used for powering sensor nodes, where unbalanced electricity is the primary cause of premature death of WSNs. In this paper, wireless power transfer networks are used to power batteries in WSNs to avoid the problem of limited lifetime of traditional limited-capacity batteries. Furthermore, path planning based on the Dijkstra algorithm, which aims at minimizing the overall energy consumption in the network to improve system efficiency, is discussed in detail. Finally, three power transfer models with low contention level (LCL) topology for energy flow control are experimentally validated from the optimal path.
Introduction
Wireless sensor networks (WSNs) are integrated intelligent information systems, including information collection, information transmission, and information processing to monitor harsh environmental conditions (temperature, humidity, pressure, etc.) [1, 2] . In WSNs, wireless sensor nodes are usually powered by limited-capacity batteries, which results in limited network lifetime. However, network lifetime is a measure of WSNs' main performance indicators. Therefore, the improvement of network lifetime has become a key issue in studies regarding WSNs. Besides, regular replacement of batteries increases economic and labor cost.
In recent years, great effort has been devoted to prolonging network lifetime for WSNs. In terms of sensor and network, it is typical and conventional to reduce the energy consumption in WSNs through lowpower hardware architecture, low-complexity software implementation, power-efficient wireless communications, dynamic routing techniques, and mobile data gathering [3] [4] [5] [6] [7] . Although these research methods are effective to some degree, network lifetime is still determined by the limited battery energy.
In [11] , Lee proposed a wireless information and power transfer scheme through microwave power transfer such that WSN node can be recovered. Since the battery consumption of a sensor module hindered the development of the bridge health monitoring system, [12] introduced a WPT system controlled by a microchip board which can reduce maintenance cost and extend battery lifespan to be long enough. In [13] , a multifunctional mobile entity called SenCar was employed for joint energy replenishment via WPT and data gathering via short-range communication. Some researchers came up with a special WSN powered by radio frequency energy transfer technology. He et al. [14] studied the radio frequency energy provisioning problem in wireless rechargeable sensor networks. They proposed an empirical recharge model based on experimental data. Yan et al. [15] proposed a circuit model for charging and corresponding RF charging time and derived the node lifetime expressions.
WPT technologies employed to supply power to WSNs commonly include inductively coupled power transfer (ICPT), radio frequency (RF), and microwave power transfer (MPT). It was reported in [14] that RF power transfer efficiency is only about 1.5 percent when a receiver is 30 cm away from the energy transmitter. Compared to the ICPT technology, in order to transfer enough energy, RF energy transfer may pose safety concerns for humans. Moreover, RF is used widely, so interference generated by other devices using the same frequency band may lead to severe charging performance degradation. As for MPT, its impact on human body is unknown, and it even causes damage to human body in high power applications when used close to human body. Therefore, in our research, we used the ICPT technology to supply power to WSNs applied on the short-and middle-range occasions. ICPT has a limitation due to the contradiction between the power transfer efficiency and power transmission distance. To provide steady and high recharging rates for power supplies or sensors, a joint design of energy replenishment and data gathering by exploiting mobility is proposed. In our research, relay nodes were employed to help overcome the distance limitation directly, and power was efficiently transferred from a transfer node to a receiver node via relay nodes over a relatively long transmission distance. Besides, we avoided energy consumption during transmission by using an algorithm to find the shortest path.
In summary, WSNs powered by WPTNs, proposed in this paper, can achieve bidirectional transfer of energy and signal. Furthermore, path planning based on the Dijkstra algorithm for searching the optimal path of energy transfer is discussed in detail. Finally, three power transfer models with LCL topology for energy flow control are proposed and verified by experiments.
Energy path planning in WPTNs
The structure of WSN node powered by WPTN is shown in Figure 1 . Basic components of WSN nodes are the same with those of the traditional structure which consists of a sensor, microprocessor, wireless communication module, and battery. What makes the WSNs in this paper different from the traditional ones is that an additional WPT module is used for charging the battery to overcome the weaknesses of its limited-capacity and unbalanced-electricity.
WPTNs shown in Figure 2 (take 9 nodes as an example) are formed by the massive nodes shown in Figure 1 , which can receive or transmit energy. In order to avoid energy consumption during transmission, it is extremely significant to find a simple and reliable algorithm to search for the shortest path for energy transfer. In this paper, we preferred the Dijkstra algorithm by considering efficiency, stability, and timeliness. To obtain the optimal path using an algorithm, WPTNs for WSN nodes can be equivalent to a mathematical model of the abstract weighted chart shown in Figure 3 . Consider an undirected graph G = < V , E > with set V (G) of nodes and set E of edges, where v ∈ {v 1 Weight matrix A is defined as:
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where can be expressed as:
Objective optimization function on the path P = ( v 1 , v d ) can be obtained as:
When it comes to constraint condition,
Here, v 1 is the initial node and v d is the target node.
According to the previous analysis, the path planning can be described as a search for a power transfer
to minimize the value of objective optimization function in the weight graph G . The Dijkstra algorithm, whose more common variant fixes a single node v s as the "source" node and finds the shortest paths from the source to all the other nodes in the graph producing a shortest-path tree [16] , was adopted for path planning. The flowchart is shown in Figure 4 . Programs based on the Dijkstra algorithm in MATLAB implement path planning for finding an optimal path by calculating the residual energy of each node and combining the transmission efficiency and distance of WPT.
The residual energy of each node and transfer efficiency between every two nodes are shown in Tables 1  and 2 . Two optimal paths, calculated by the Dijkstra algorithm for energy balance from initial node 1 to target nodes 7 and 9 are shown in Figure 5 . The optimal path can achieve energy balance for all the nodes in WSNs under the condition of the highest transmission efficiency. Time multiplexing is adopted for energy balance of WSNs, that is, only one condition (transfer of energy or reception of energy) is worked for each node in a period of time.
Energy flow control for WPTNs

Basic models
The three basic energy transfer models in Figure 6 (taking 3 nodes as an example) can be summarized from Figure 5 : one-to-multi, multi-to-one, and relay-type. The LCL topology in Figure 7 is used for the nodes of WPTNs because its constant current characteristic makes energy flow control simpler when the resonant angular frequency of each node is:
Pulse Width Modulation 
In Figure 7 , the full-bridge inverter is composed by power switches S i−1 -S i−4 and their internal free-wheeling full-bridge inverters in WPTNs. S i is the trunk link switch which will be closed when node i is a relay node.
Energy bidirectional transmission is the foundation of energy flow control for WPTNs, so one-to-one model in Figure 8 serves as an example to analyze the energy flow control strategy. Assume that node i is the primary node and node j is the secondary node, energy forward transmission is analyzed in detail because one-to-one model is a symmetrical topology. Thus, the proposed bidirectional system can be simplified as an equivalent circuit shown in Figure 9 . Figure 8 . One-to-one model. 
where α i and α j are the initial angles of v i and v j respectively.
According to the Norton equivalent principle, primary field current I i−2 can be expressed as:
In the stable case, the induced voltage of node jV i−j is:
From (8) and (9), the induced voltage V i−j can be simplified as:
The input current I j−1 is:
When the energy is transmitted from node i to node j , the received power P i−j of node j is:
The phase difference θ i−j between different inverter output voltages v i and v j is presented in (13):
From (12), it is evident that the direction of energy flow depends on θ i−j . Thus, a leading phase (0 < θ i−j ≤ π /2) makes energy flow transmitted from node i to node j , while a lagging phase (-π /2 ≤ θ i−j < 0) makes energy flow transmitted in opposite directions.
Power control strategy
From (12), the phase difference θ i−j is usually kept at ±π /2 to ensure maximum power transfer and maintain unity power factor at the input end of system. Based on the above analysis, the PWM phase shift control strategy is adopted to adjust the inverter output voltage of all nodes. When there is constant switching frequency and 50% duty cycle for all switches, taking control strategy of node i for example, the relationship between the driving signals of switches S i−1 -S i−4 and output voltage of the primary inverter is shown in Figure 10 , where φ i is the phase-shifting angle of the inverter which is related to the magnitude of transmission energy. can be expressed as follows by FFT:
Furthermore, v i can be expressed as follows by neglecting higher order harmonics:
Similarly, the inverter output voltage v j of node j with initial phase angle α j is:
From (12), (15) , and (16), it can be concluded that:
From (17), for a given circuit and working frequency, the magnitude of transmission power depends on phase difference θ i−j , phase-shifting angles ϕ i and ϕ j for the inverters.
Power control and modeling for three basic modes
After deeply analyzing the power flow control strategy in Section 3, in this section we will interpret three basic modes shown in Figure 6 . The equivalent circuit of the three energy transfer modes has been respectively given in Figure 11 , Figure 12 , and Figure 13 -one-to-two model, two-to-one model, and relay-type model.
Figure 11. Circuit topology of one-to-two model. Figure 12 . Circuit topology of two-to-one model.
Figure 13. Circuit topology of relay-type model.
For one-to-two model in Figure 11 , node 6 is the energy transmitting node and nodes 7 and 9 are the energy receiving nodes. In general, the mutual inductance between node 7 and 9 on the secondary side is usually ignored. Thus, the energy distribution can be realized conveniently by changing the phase-shifting angles ϕ 7 and ϕ 9 of the receiving nodes. Similarly, for two-to-one model in Figure 12 , the phase-shifting angles ϕ 3 and ϕ 4 are controllable variables for power control. In relay-type model in Figure 13 , the phase-shifting angle ϕ 1 is a controllable variable. The equations of transmission power of three basic models are shown in Table 3 .
Experiments for energy flow control
The experimental platform for energy flow control is shown in Figure 14 . Full-bridge inverter was adopted to control the direction and magnitude of the energy flow. The control circuits of all nodes are composed of two parts: microprocessors and drive circuit, one consists of DSP (TMS320F28335) used for generating pulse and Table 3 . Transmission power and variables for energy flow control of three basic energy flow control models.
Models Direction Transmission power Variables
One-to-two 6→7
2 )M6−9
Two -to-one 3→6
Relay-type 1→6 
Power bidirectional transmission
According to the parameters in Table 4 , an experimental platform is built to verify the feasibility of power bidirectional transmission. Assuming that nodes 1 and 4 are chosen for the experiment of power bidirectional transmission, phase difference θ 1−4 is equal to π /2 when energy is transferred from node 1 to node 4. In Figure 15 , the inverter output voltage v 1 and the charging current i 1−1 of node 1 are in the same direction, which means node 1 is in the state of energy output. The different direction between the inverter output voltage v 4 and the charging current i 4−1 shows that node 4 is in the state of energy input. For energy forward transmission, phase difference θ 1−4 equals -π /2 so that the energy can be transmitted from node 4 to node 1. Similarly, node 1 is in the state of energy input and node 4 is in the state of energy output in Figure 16 . Moreover, phase-shifting angles φ 1 and φ 4 are both set at 0 degree in the experiments of energy bidirectional transmission. 
One-to-two model
According to Section 5.1, energy can be transmitted bidirectionally between different nodes. In order to balance the energy of nodes in WPTNs, three models and energy flow control strategies have been proposed above. We employed DSP for power control in this paper. Since their use of three modes is similar, we take one-to-two model as an example.
In one-to-two model, in order to balance the remaining energy of the three nodes, node 6 needs to supply power to node 7 and node 9. The values of the phase-shifting angles φ 7 and φ 9 of the energy receiving nodes can be calculated by Eqs. (18) and (19). According to Tables 1 and 3 , the relevant parameters used to verify the energy flow control strategy are shown in Table 5 .
We use two pairs of complementary PWM waves with dead-time to control the switches of node 6 and then, after 1/4T, the phase-shifting control is used to control the switches of node 7 and node 9, respectively.
Since the experiment is carried out under forward transmission ( θ i−j = π /2), which has already been mentioned in the manuscript, the time of controlling the node 7 and node 9 switches with the DSP board lags behind the time of controlling node 6 (i.e., 1/4T). The PWM waves of controlling node 6 generated by the DSP are shown Figure 17 ; the phase-shifting PWM waves of controlling node 7 generated by the DSP are shown in Figure  18 ; the phase-shifting PWM waves of controlling node 9 generated by the DSP are shown in Figure 19 . Inverter output voltages and charging currents of receiving nodes 7 and 9 are shown in Figure 20 . The received powers measured by the power analyzer are 2.85 W and 3.82 W respectively. Parasitic resistances of coils and capacitance variability are the reasons for error between theory and reality. The inverter output voltage and charging current of the same node are in different directions, which indicates that the node works in the state of receiving power.
(b) Node 9
Figure 20. Inverter output voltages and charging currents of receiving nodes in one-to-two model.
Two-to-one model
Related parameters are shown in Table 6 according to the same principle of energy flow control in 3.2. Phaseshifting angles ϕ 3 and ϕ 4 are calculated to adjust the transmission power of transmitting nodes 3 and 4.
Inverter output voltages and charging currents of transmitting nodes 3 and 4 are shown in Figure 21 . In the real system, the transmission powers measured by the power analyzer are 0.98 W in node 3 and 1.96 W in node 4. 
Relay-type model
Supposing 7-W power will be transmitted from node 1 to node 6 via node 4 in Figure 5 , the phase-shifting angles ϕ 1 of node 1 equals 3.6
• according to Eq. (22). The inverter output voltage and primary charging current of node 1 are shown in Figure 22 . The transmission power of node 1 is 6.87 W in actual measurement by the power analyzer, which verifies the correctness of the control strategy for the relay-type model. 
Conclusion
A new type of WPTN for WSNs with bidirectional energy and signal transmission is proposed in this paper to prevent the premature death of WSNs. In particular, the path planning based on the Dijkstra algorithm is discussed in depth to achieve energy balance of WPTNs and minimize the overall energy consumption in the network to improve system efficiency. Besides, three basic energy models are summarized from WPTNs, and energy flow control strategy based on LCL topology is analyzed. Finally, the viability of the proposed method is supported by experiments.
